, Observations of discrete, global magnetospheric oscillations directly driven by solar wind density variations, J. Geophys. Res., 108, 1257, doi:10.1029 Observations of discrete, global magnetospheric oscillations directly driven by solar wind density variations [1] In this paper we present six events in which both the time series and the spectral content of solar wind number density fluctuations and magnetospheric magnetic field observations were highly correlated for intervals ranging from a few to twelve hours. The fluctuations were periodic and occurred at discrete frequencies which often matched the f = 1.3, 1.9, 2.6, and 3.4 mHz oscillations that have been attributed to global magnetospheric MHD cavity and/or waveguide modes. We also observed significant power in the sub-mHz region, with frequencies as low as f = 0.1 mHz. We show that these fluctuations were first observed in the solar wind, far upstream from the Earth, and argue that the convected density perturbations slowly alter the size of the magnetospheric cavity leading to the appearance of multiple, discrete magnetospheric oscillations. We argue that for these events the discrete frequencies were an inherent property of the solar wind and were not related to a possible cavity or waveguide mode of the magnetosphere. We then show that the density fluctuations, when converted into length scales, organize into scale sizes of L = 23, 30, 45, and 80-100 R E . Finally, we speculate on a possible solar source for the periodic solar wind structures. 
Introduction
[2] Magnetospheric ULF pulsations can arise from a variety of sources, and these pulsations are often observed to occur at discrete frequencies over extended intervals of time. The frequencies of these pulsations are typically defined by internal magnetospheric properties, such as field line lengths, magnetic field profiles, and mass density distributions. The free energy needed to stimulate such pulsations can arise from local reconfiguration of magnetic stresses [e.g., Nishida, 1979; Yumoto et al., 1989] , waveparticle interactions [e.g., Cornwall, 1965; Kennel and Petschek, 1966] , or a host of other sources which are internal to the magnetosphere (see reviews by Takahashi [1998] and Yumoto [1986] for additional examples). In addition, the solar wind can often provide a source of broadband energy which can then couple to discrete magnetospheric oscillations. For example, the generation of Kelvin-Helmholtz waves on the magnetopause, stimulated by the solar wind/magnetosphere interaction, can lead to a continuous distribution of field line resonances (FLR) in the Pc 4 -5 band (45 -600 s) [e.g., Singer et al., 1977; Anderson et al., 1990; Nosé et al., 1995] . A second type of global oscillation is postulated to arise from the rapid increase in dynamic pressure associated with interplanetary shocks, which could supply the compressional energy required to stimulate global magnetospheric cavity mode oscillations. Although the cavity mode has been studied extensively through theory [e.g., Kivelson et al., 1984; Kivelson and Southwood, 1986] and numerical simulation [Allan et al., 1986; Lee and Lysak, 1989] , observations of cavity mode signatures are rare [Goldstein et al., 1999] .
[3] It is also known that the position of the magnetopause responds directly to changes in the solar wind dynamic pressure. This interaction can lead to internal magnetic perturbations as the magnetospheric field increases or decreases as needed to balance the changing solar wind dynamic pressure [e.g., Cahill and Winckler, 1992; Matsuoka et al., 1995] . However, there are few published reports of oscillatory magnetospheric perturbations that could be attributed directly to oscillatory changes in the solar wind dynamic pressure. A nice example of such driving was presented by Sarafopoulos [1995] , who correlated dynamic pressure variations in the solar wind observed by ISEE-3 with magnetospheric lobe variations detected by IMP-8. In a separate study, Korotova and Sibeck [1995] argued that periodic Pi 3 perturbations observed on the ground and in the ionosphere were driven by bow shock generated pressure changes in the magnetosheath. Lessard et al. [1999] presented indirect evidence that field line resonances observed on the ground and in space following JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. A6, 1257 , doi:10.1029 /2002JA009676, 2003 Copyright 2003 by the American Geophysical Union. 0148-0227/03/2002JA009676 the onset of geomagnetic activity were externally driven, although they did not have solar wind data to confirm the hypothesis.
[4] Solar wind data from upstream solar wind monitors (such as the Wind spacecraft) during the ISTP era has allowed researchers to more directly examine the role that solar wind perturbations might provide in the direct driving of ULF pulsations. Recently, Kepko et al. [2002] and Stephenson and Walker [2002] independently correlated discrete solar wind number density oscillations with magnetospheric oscillations, at frequencies f < 3 mHz. Interestingly, the frequencies reported by Kepko et al. [2002] and Stephenson and Walker [2002] were close to the f = 1.3, 1.9, 2.6, and 3.4 mHz oscillations that have been observed in ground magnetometer [Samson et al., 1992a; Ziesolleck and McDiarmid, 1994; Francia and Villante, 1997] , HF radar Samson et al., 1991; Walker et al., 1992; Fenrich et al., 1995] and satellite measurements for the last decade. That these low-frequency oscillations occurred at repeatable, discrete frequencies and had been detected globally led Harrold and Samson [1992] and Samson et al. [1992b] to develop a magnetospheric cavity mode/waveguide model. (For the remainder of this paper we will adopt the nomenclature used by Ziesolleck and McDiarmid [1995] and refer to the f = 1.3, 1.9, 2.6, and 3.4 mHz oscillations as the cavity mode model of Samson et al. [1992b] , or CMS, frequencies.). In these models the frequencies of the pulsations are determined by properties internal to the magnetosphere, such as the global Alfvén wave speed profile and the size of the magnetospheric cavity.
[5] While the cavity mode and waveguide models can successfully explain observations of magnetospheric oscillations with f > $1 mHz, limits on the size of the magnetospheric waveguide preclude this as a reasonable explanation for oscillations with f < 1 mHz. Global magnetospheric oscillations with frequencies below 1 mHz are not uncommon and have been observed in both ground and radar measurements [Herron, 1967; Rinnert, 1996; Huang et al., 2001] and in the magnetosphere [Nikutowski et al., 1996; Chen and Kivelson, 1991; Lessard et al., 1999] . Since global magnetospheric oscillations with f < 1 mHz are not likely associated with cavity or waveguide modes, simultaneous observations of sub-mHz oscillations and the CMS frequencies would call into question the nature of the CMS frequencies as manifestations of a cavity or waveguide mode. The events presented by Kepko et al. [2002] showed significant power at the CMS frequencies as well as power near 0.5 mHz. These same frequencies were observed in the solar wind far upstream of the Earth. These observations led Kepko et al. [2002] to conclude that the solar wind was a direct source for discrete magnetospheric oscillations; i.e., the magnetosphere was a passive oscillator, driven by external, periodic forcing. Stephenson and Walker [2002] , using radar data, also argued that the solar wind was the source for the discrete frequencies they observed.
[6] In this paper we extend the work of Kepko et al. [2002] and present additional observations of ULF pulsations with f < 2.5 mHz observed far upstream by the Wind satellite concurrent (after ballistic propagation) with dayside geosynchronous observations of the same pulsations. In some events we also examine data from the Polar spacecraft at high-latitude and ground magnetic field measurements. Both the time series and spectral content of the solar wind and magnetospheric measurements show high correlation over a time interval of several hours up to half of a day. We suggest that the magnetosphere is directly driven by solar wind dynamic pressure variations, which we assert are an inherent feature of the solar wind. In this work we do not address the occurrence frequency of such solar wind oscillations. The discreteness of the pulsations arise because variations in the number density of the solar wind recur at regular intervals and is not due to any property internal to the magnetosphere. We also comment on the stability of the observed frequencies from one event to another. We show that while the frequencies may shift significantly from event to event, the spectral peaks are well organized after converting to solar wind speed dependent length scales. Normalizing to the mean measured solar wind velocity organizes the observations into narrow bins of scale sizes L = 23, 30, 45, and 80-100 R E . Finally, we review observations of compressional waves in solar plumes and suggest a possible mechanism linking solar p-mode oscillations to the observed periodic solar wind density structures.
Events
[7] The solar wind data from all events presented in this paper are from instruments on board the Wind spacecraft. Solar wind plasma data are from the Solar Wind Experiment (SWE) [Ogilvie et al., 1995] , and are at 96-s resolution. Magnetic field data are from the Magnetic Field Investigation (MFI) [Lepping et al., 1995] and were sampled every 60 s. For all events we also show geosynchronous magnetic field data from the GOES-8 spacecraft [Singer et al., 1996] at 60-s resolution. GOES-8 was located on the dayside hemisphere for all the events presented here and crossed local noon near 1700 UT. The events were selected through visual identification, which was based on a high-correlation between Wind N fluctuations and GOES-8 B z magnetic field perturbations. This selection criterion likely biased the selection towards large-amplitude and/or long-duration events. A more systematic, statistical study is underway.
15 June 1999
[8] Twelve hours of solar wind data collected from instruments on board the Wind spacecraft, which was located at (205, À21, À7) R E in GSM coordinates, are shown in Figure 1 . A small shock was observed just after 1200 UT, as indicated by increases in jv x j and jBj. Note that variations in dynamic pressure were driven mainly by variations in the number density. This is shown in Figure  2 where we have plotted the observed dynamic pressure (rv 2 ), the dynamic pressure with an average velocity rv 2 À Á , and the dynamic pressure with an average number density rv 2 ð Þ. The plot clearly shows that it is the variation in number density that is principally responsible for variations in the dynamic pressure. This feature is common to all six events we will present.
[9] In the hours following the shock, waves with two distinct frequencies were present in the number density and dynamic pressure. The first is an $90 min wave, with peaks at 1215, 1345, 1515, 1700, and 1830 UT. The intensity of the peaks is modulated at half that frequency so that the peaks 1215, 1515, and 1830 UT are larger, giving the appearance of a 3 hour period (T ) oscillation. The times of these largest peaks correspond to large diamagnetic decreases in the magnetic field strength. The individual components of the interplanetary magnetic field do not exhibit the same periodicity. A second, higher-frequency wave, with T $ 10-15 min, is also observed, most clearly between 1300 and 1400 UT.
[10] The GSM z (vertical) component of the magnetic field from the geosynchronous GOES-8 satellite and the ballistically time-shifted solar wind dynamic pressure from WIND are shown in Figure 3a . The time-shift determined from ballistic propagation is 66 min, which agrees well with the shift determined by visual inspection (68 min). GOES-8 was moving through the dayside magnetosphere and passed local noon near 1630 UT. Both the long-and short-period oscillations observed in the solar wind were also observed in the magnetic field measured by GOES-8. The $10 -15 min oscillations have been marked with vertical lines and appear highly periodic. Plots of the data with the background variations removed by 60-point (Wind) and 70-point (GOES-8) running averages are shown in Figure 3b . The high correlation between solar wind number density oscillations and magnetospheric magnetic field oscillations is clearly evident.
[11] Fourier transforms of the solar wind and magnetospheric data from the period 1410 -1655 UT, with Wind offset À68 min from this window, confirms that the pulsations had a discrete peak near f = 0.56 mHz, or T = 30 min ( Figure 4a ). The Fourier transform of the Wind data also exhibits a peak near f = 1.7 mHz (T = 10 min), but this peak is not strongly present at GOES. A second set of Fourier transforms over the longer interval 1218-2106 UT (wind offset by À68 min from that window) show peaks near f = 0.1 and 0.2 mHz (T $ 3 hours and T $ 90 min, respectively), in addition to the f = 0.56 peak (Figure 4b ). The spectral analysis confirms that the solar wind number density variations were highly periodic and that the geosynchronous magnetic field oscillated at these same discrete frequencies.
4 February 1997
[12] This event is very similar to the previous example in that discrete, long-period oscillations in the solar wind Wind was located at (190, À1, À18) R E in GSM coordinates. number density are observed for several hours following a moderate shock. The solar wind data measured by Wind, located at (190, À1, À18) R E in GSM coordinates, are shown in Figure 5 . The shock was observed near 0930 UT, as indicated by increases in jv x j, jBj, and the proton thermal velocity, v th . A large density enhancement slightly preceded the arrival of the shock. A sharp decrease in jBj concurrent with an increase in v th occurred just after 1200 UT; this discontinuity did not appear in any of the other plasma parameters. For $10 hours following the shock, long-period oscillations with T $ 70 min were observed in the number density and dynamic pressure. As in the previous event, variations in the solar wind dynamic pressure were driven mainly by variations in the number density.
[13] The GSM B z component of the magnetic field from the GOES-8 geosynchronous spacecraft along with the number density measured by Wind are shown in Figure  6a . The Wind data have been time shifted by +60 min. Ballistic propagation yields a Át = 57 min, which again agrees well with the visually determined time shift. The long-term sinusoidal trend observed by GOES is the diurnal variation. Small-amplitude, long-period oscillations ride this trend. We applied a running average on both traces to remove the trend (Figure 6b ) to show the waves in more detail. The long-period ULF waves observed by GOES-8 were highly correlated with the time-shifted solar wind number density variations. A high correlation coefficient (R = 0.63) is calculated over the interval 1100-2130 UT. Magnetic field data from the Learmonth (Lem) magnetometer station (l cgm = À34.15°, È cgm = 185.02°), also with the background variation removed by subtraction of running averages, are shown in Figure 6c . The magnetic local time (MLT) of Lem is MLT = UT À 16.4. During the interval plotted in Figure 6 , Lem was rotating from the nightside through the dawn flank. There is a high correlation between the solar wind number density variations and magnetic perturbations measured by Lem (R = 0.55).
[14] The Polar spacecraft was located at high latitude during this interval and passed through the polar cap from dusk to dawn (Figure 7 ). The magnetic field lines at the positions of Polar were open and mapped to the distant magnetotail. The X component of the magnetic field data measured by Polar are shown in Figure 8 . A 40-point running average has been subtracted to remove the large background trends. We also plot the detrended solar wind number density, time-shifted by +1 hour. The small (1 -3 nT in an $110 nT field) perturbations measured by Polar track the solar wind density variations.
[15] Fourier transforms of the solar wind number density, GOES-8 B z , and Learmonth X magnetic field component during the period 1230 -2230 UT (Wind À1 hour from that window) are shown in Figure 9a . The spectral estimates have been averaged over 5 points. Three broad peaks are observed near f = 0.25, 0.7 and 1.3 mHz (T = 70, 25, and 13 min). A Fourier transform of the Polar magnetic field X component data over the interval 1200 -1900 UT is shown in Figure 9b . In addition we show Fourier transforms of the solar wind number density from 1100 -1900 UT and from 1130 -2130 UT. All plots have been smoothed with a 3-point running average. Common spectral peaks are observed near f = 0.25 and 0.7 mHz, with two smaller peaks near f = 1.2 and 1.7 mHz.
29 November 1996
[16] Solar wind number density measurements from the Wind spacecraft, located upstream at (55, 1, 3) R E in GSM coordinates, are shown in Figure 10a . The data have been time-shifted by +14 min to account for propagation to the Earth. Plotted in Figure 10b are the Z component measurements of the magnetic field measured by the GOES-8 geosynchronous spacecraft. During the interval plotted in Figure 10b , GOES-8 moved from dawn flank to the dusk flank and passed local noon near 1700 UT. The Wind and GOES-8 data with the background trends removed by Figure 9a . In all cases the spectral estimates were averaged over 3 points. Figure 10c . There is excellent agreement between solar wind number density fluctuations and magnetospheric magnetic field perturbations (the correlation coefficient R = 0.73 over the interval 1400 -1700 UT; R = 0.74 over the interval 1400 -2200 UT). The interval between 1500 and 1700 UT was characterized by highly periodic fluctuations with a period of 15 min (marked with vertical dashes in Figure 10c ). Note also that a density discontinuity was observed by Wind just prior to 2000 UT, followed by successively damped perturbations. Very similar oscillations were observed by GOES-8. These observations of a progressively damped sinusoidal oscillation mimic the type of perturbation expected from a cavity oscillation stimulated by an initial broadband energy source. In this case, however, the perturbations are clearly directly driven by solar wind number density variations.
[17] Fourier transforms over the interval 1460-1710 UT (GOES +14 min from that interval) are shown in Figure 11 . The spectral estimates have been averaged over 3 points. Significant common spectral peaks are observed at f = 0.6, 1.3, 1.9, and 2.4 mHz in both the GOES and Wind spectra.
Other Events
[18] Solar wind number density measurements from Wind (located at (83, 4, 0) R E in GSM coordinates) and magnetic field B z measurements from GOES-8 from 21 September 1997 are shown in Figure 12 . The Wind data have been timeshifted by +19 min. Periodic variations in the number density were observed during the entire 4-hour interval, and these variations were associated with magnetic perturbations at GOES-8. During the period 1600 -1800 UT the fluctuations observed at both spacecraft were highly periodic, with a period T $ 10 min. Unaveraged Fourier transforms of both data sets over the interval 1570-1770 UT (GOES-8 +19 min from that window) are shown in Figure 13 . The spectra are quite similar for f < 2 mHz, with a large peak near f = 1.5 mHz and a secondary peak near f = 0.8 mHz.
[19] On 3 August 1998 the Wind spacecraft was located near (92, 1, 3) R E in GSM coordinates. The number density measurements showed long-period oscillatory perturbations during an 8-hour interval (Figure 14a ). The B z component of the magnetic field measured by GOES-8 showed similar perturbations. In Figure 14b we have plotted solar wind N and GOES-8 B z data with the background trends removed by subtraction of running averages. The solar wind data have been time-shifted by +24 min. The perturbations observed by GOES-8 were well correlated with solar wind number density perturbations. Fourier transforms of both data sets show similar spectral characteristics at f < 2 mHz (Figure 15 ). In particular, common peaks near f = 0.6, 1.0, 1.3, and 1.8 mHz were observed.
[20] In the sixth and final event Wind was located in the far upstream solar wind at (226, 18, 10) R E in GSM coordinates. In Figure 16 we show the solar number density measured by Wind and the B z component of the magnetic field measured by GOES-8. The wind data have been timeshifted by +70 min. A series of four oscillations with a period of T $ 2 hours (f = 0.2 mHz) were observed to begin just prior to 1600 UT. Similar oscillations were observed in the magnetic field by the GOES-8 geosynchronous spacecraft. Removing the background trend reveals more clearly the direct link between solar wind number density oscillations and the geomagnetic response (Figure 16b ).
Discussion and Conclusions
[21] We presented six events in which the both the time series and spectral content of solar wind density and dynamic pressure variations were highly correlated with dayside geosynchronous magnetic field measurements. For the 4 February 1997 event the pulsations were also observed on the ground and at high latitude by the Polar spacecraft. The duration of high-correlation of the discrete oscillations ranged from $2 hours (29 November 1996) to $12 hours (4 February 1997). In several cases power was observed at frequencies that matched the CMS frequencies, which are often attributed to global magnetospheric cavity or waveguide modes. We found additional spectral peaks at lower frequencies, near f = 0.1, 0.2, and 0.6 mHz.
[22] As reviewed in the introduction, observations of global magnetospheric oscillations with power at repeatable, discrete frequencies led to the development of first the cavity mode model and then later the waveguide model, which allowed for lower frequencies. These models can easily account for the global occurrence as well as the discrete nature of such oscillations. However, constraints on the two properties that determine the lowest theoretical frequency, the size of the magnetospheric cavity and the internal wave speed, place the lower limit of a global magnetospheric oscillation at $1 mHz. Discrete oscillations at frequencies <1 mHz therefore cannot be driven by waveguide modes. For the majority of our events we observed significant wave power at frequencies <1 mHz, often concurrent with the higher CMS frequencies. The simultaneous observations in the solar wind and magnetosphere of CMS frequencies and sub-mHz oscillations, while not necessarily precluding the existence of magnetospheric waveguide oscillations in general, does suggest a common mechanism for our events that most probably does not involve either a cavity or waveguide mode, or at the very least, minimizes the importance of these modes.
[23] The Polar observations of the 4 February 1997 event provide additional insight into the global magnetospheric response to periodic pressure variations. The Polar spacecraft was located in the polar cap on open field lines during the event. Comparison of the spectral content of the Polar magnetic field and the solar wind number density shows good agreement for f < 2 mHz, and common peaks were observed at f = 0.2, 1.3, and 1.7 mHz (Figure 9 ). Since the Polar spacecraft was connected to open field lines these oscillations could not be a result of waveguide oscillations internal to the magnetosphere. A similar situation was observed by Lessard et al. [1999] with ground magnetometer data. [24] In a previous paper [Kepko et al., 2002] we presented two events with characteristics similar to the events analyzed in this paper. On the basis of those observations we suggested a direct mechanism for coupling the solar wind density variations with magnetospheric oscillations, which we reiterate here. We argue that the periods of the observed density variations (T > 5 min, f < 2.5 mhz) are longer than the Alfvénic travel time through the dayside magnetosphere, and therefore the interaction can be treated as quasi-static. The periodic solar wind dynamic pressure oscillations slowly alter the size of the magnetospheric cavity, causing the magnetospheric field to increase or decrease as needed to balance the dynamic pressure. If the external forcing is periodic and at discrete frequencies, then this process leads to global magnetospheric oscillations which are also discrete. In support of this contention we calculate here for two of the long-duration events the magnetospheric field from the Tsyganenko and Stern [1996] magnetospheric field model using the observed solar wind dynamic pressure as input. The results for the 15 June 1999 and 4 February 1997 events are shown in Figures 17a and 17b , respectively. We show also the data with the long-term trends removed by subtraction of running averages. Although the model field underestimates the observed magnetic field by $10 nT in both cases, the perturbations are strikingly similar. These results confirm that the observed global magnetospheric oscillations with f < $2 -3 mHz can be explained by a quasi-static forced breathing of the magnetosphere.
[25] Previous research has shown that the higher frequencies of the CMS set often exhibit characteristics of field-line resonances (FLR) Fenrich et al., 1995; Samson et al., 1996] . Clearly, a quasi-static forced breathing in and of itself would not produce the phase reversals or localized amplitude maxima expected from FLRs [Chen and Hasegawa, 1974; Southwood, 1974] . One would naturally expect the compressional perturbations driven by external periodic forcing to couple to local toroidal mode Alfvén waves where the driving frequency matches the local toroidal mode resonant frequency [e.g., Lee and Lysak, 1991] .
[26] One outstanding unknown in the field of global magnetospheric ULF pulsations is the reflectivity, or Q value, of the magnetospheric boundaries. It is important to note that Q is a function of frequency and that the following discussion is only applicable to the frequency range of pulsations observed in this paper (i.e., f < 2-3 mHz). We also distinguish between Q of the dayside magnetopause and internal turning point, which control the compressional oscillations, and the Q of the ionospheric endpoints which affects the resultant FLR. For high Q (high reflectivity), one would expect the internal magnetospheric oscillations to continue once the external driver has stopped, until the point when the compressional energy is completely fed into local FLR. For the cases presented here we find no evidence of continued compressional magnetospheric oscillations once the solar wind driver has stopped or changed the driving frequency. The data from the 29 November 1996 event in particular indicate that the magnetosphere is a heavily damped system for these frequencies. Highly periodic oscillations were observed both in the solar wind and dayside magnetosphere starting near 1500 UT and continued for $2 hours. Near 1700 UT the solar wind perturbations abruptly changed, and the magnetosphere responded immediately. Once the external driver stopped, the compressional oscillations in the magnetosphere stopped as well. Similarly, the oscillations following the 2000 UT shock abruptly stopped at 2100 UT. The oscillations of the 15 June 1999 event during the interval 1700-1900 UT exhibit similar characteristics (Figure 3) . The Wind dynamic pressure measurements exhibit periodic fluctuations until just before 1800 UT, after which the fluctuations disappear for $1 hour. The B z measurements from GOES-8 track the Wind dynamic pressure fluctuations very closely. Once the solar wind driver stopped oscillating at 1745 UT, the compressional component of the magnetospheric field at GOES-8 no longer showed oscillations. On the basis of these observations we conclude that the dayside magnetospheric boundaries appear to be highly damping (low Q) for radial compressional waves for frequencies f < 2 -3 mHz. We note that theoretical work by Mann et al. [1999] concluded that the dayside magnetopause is a very poor reflector of MHD wave energy, which is in agreement with our observations. We emphasize that the preceding discussion is relevant only to the dayside compressional standing waves.
[27] An interesting result of the spectral analysis is that the spectral content of the solar wind number density variations and of the GOES geosynchronous magnetic field measurements are highly correlated below $2.5-3 mHz (see especially Figures 11 and 15) . At higher frequencies, however, the spectral content differs significantly. The most likely possibility for this difference is that the solar wind density structures at high frequencies ( f > 3 mHz) are not coherent from the time when they are first observed by WIND to when they impact the magnetosphere. Note that the scale size of a 3 mHz perturbation in the solar wind is $15 R E , which is similar to the scale size of the dayside magnetosphere. Without widely spaced, multipoint solar wind measurements it is difficult to assess this possibility. Second, we note that the size of solar wind perturbations with frequencies >3 mHz are small compared with the scale size of the dayside magnetosphere, and our assumption about a quasistatic interaction are invalid. The response in the dayside magnetosphere to such a perturbation is likely to involve a summation of different wave modes launched as the perturbation impacts the dayside magnetopause. Whether this would alter the spectral content is not immediately clear. We also note that most theoretical studies examining global modes typically treat the magnetospheric compressional waves as standing waves, which is not applicable to the situation we are examining. Global MHD simulations of such interactions would be highly beneficial.
[28] Although the CMS frequencies are often described as occurring precisely at f = 1.3, 1.9, 2.6, and 3.4 mHz, there is evidence that the spectral peaks move around slightly in the frequency domain. Ziesolleck and McDiarmid [1995] examined the stability of the CMS frequencies using Canopus magnetometer data, and concluded that the CMS frequencies did not constitute a distinct set of multiple, discrete frequencies. Francia and Villante [1997] examined spectra from the low-latitude L'Aquilla (L = 1.6) ground station and found spectral peaks near the CMS frequencies. Examination of their spectra (see their Figure 1a ) suggests that the oscillations occur over bandwidths of Áf % 0.2 mHz such that f = 1.2 -1.4, 1.8-2.0, 2.4-2.6, and 3.2 -3.4 mHz.
[29] We have plotted in Figure 18a the frequencies observed for each of the events presented in this paper. We also include the two events from Kepko et al. [2002] . Points represent the frequencies at which local maxima in the spectral power were observed. Error bars are 1/2 the frequency resolution of the individual Fourier transforms, given by Áf fft = 1/W, where W is the window length over which the Fourier transform was performed. For the majority of events power was spread to more than one frequency estimate, and this therefore underestimates the spectral widths of the observed oscillations. For example, examination of the Fourier transforms from the 4 February 1997 event indicate the spectral widths are Áf obs $ 0.3 mHz, while the inherent spectral uncertainty due to the window size is Áf fft = 0.027 mHz. Even when one takes into account the 5-point spectral averaging, it is clear that the oscillations on that day occurred over a bandwidth of a few tenths of mHz. We additionally plot in Figure 18a a histogram of the observed frequencies.
[30] Figure 18a shows a spread in the observed frequencies for each of the events, consistent with the proposal that the frequencies observed varied slightly from day to day. However, there are two frequency bandwidths, f = 0.5 -0.7 mHz and f = 1.25-1.45 mHz, in which power was detected for a majority of events. This is most apparent in the histogram. Interestingly, the series of points between f = 1.5 and 2.1 mHz show a correlation with increasing v x j j, where v x j j is the average solar wind velocity for each event, as do the two points at f = 2.4 and f = 2.7 mHz. We calculated Figure 18 . (a) Plot showing the frequencies observed for each event presented in this paper and those from Kepko et al. [2002] . Points represent the frequencies of local maxima, while error bars are 1/2 the frequency resolution of the Fourier transforms (±Áf/2). The dates are organized by increasing v x j j observed in the solar wind during the event. We also plot a histogram of the observed frequencies, with a bin size of Áf = 0.18 mHz. (b) Scale sizes of the observed solar wind density structures calculated using L ¼ v x j j=f , where f are the frequencies plotted in Figure 18a .
the scale size of the solar wind density perturbations, L ¼ v x j j=f obs , and plotted the results as a histogram in Figure 18b . The points at f > 1.5 mHz now align into narrow bands centered near L = 23 R E and L = 30 R E . A third band appears near L = 45 R E (corresponding to the f % 1.3 mHz band), while a broader fourth band encompasses points between 80 and 100 R E . With the exception of the points with scale sizes of L > 100 R E (which translate into f < 0.5 mHz), the majority of points in Figure 18b fall within four narrow bands of scale sizes L = 23, 30, 45 and 80-100 R E . As indicated on the graph, we note that 45, 30, and 22.5 are the first (1/2 L), second (1/3 L) and third (1/4 L) harmonics of 90 (L).
[31] At first glance this result suggests that the periodic solar wind density variations do not occur at discrete frequencies; rather, they occur at discrete scale sizes. If this result is correct then we find it difficult to explain how the solar wind under such varied conditions could consistently form structures of the same scale size. However, if the density structures are all formed with the same initial velocity, v 0 , then accelerated at a later time to their observed velocity, the scale sizes can be converted into initial frequencies, f 0 , such that f 0 = v 0 /L. Naturally, this scenario requires that the density structures form near the solar surface and become frozen-in to the flow before they are substantially accelerated to nominal solar wind speeds.
[32] Although we have identified the solar wind as a source of discrete magnetospheric pulsations, the exact mechanism generating the discrete frequencies (or scale sizes) remains unknown. One intriguing possibility is that the frequencies are related to solar oscillations. Several recent studies have reported observations of spectral peaks in the interplanetary magnetic field and particle data measured by the Ulysses spacecraft which were very close to the frequencies of solar g-and p-mode oscillations [Thomson et al., 1995 [Thomson et al., , 2001 [Thomson et al., , 2002 . Theoretical solar g-mode oscillations are <$100 mHz while the power of observed solar p-mode oscillations peaks in the range 1 -5 mHz [Libbrecht et al., 1990; Elsworth et al., 1994] . While the overlap of our observed frequencies with the solar p-mode band could be coincidental, we outline here a hypothetical picture of how the compressional waves of solar p-modes might couple to solar wind density structures.
[33] The density variations studied in this paper can be classified generally as pressure balance structures (PBSs) [McComas et al., 1996] , in which variations in the thermal pressure are matched by opposite variations in the magnetic pressure, keeping the total pressure roughly constant. This is shown in Figure 19 where we have plotted the thermal, magnetic, and total pressures for the 4 February 1997 event.
The thermal pressure was calculated assuming a mass density of protons. At the leading edge of the structure (near 1000 UT), the total pressure increased sharply, but during the interval 1200 -2400 UT over which the density oscillations were observed (see Figure 5) , the total pressure remained relatively constant.
[34] Reisenfeld et al. [1999] studied He abundances in PBSs and concluded that they were of solar origin and strongly suggested they most likely formed from polar plumes. A similar conclusion was reached by Yamauchi and Suess [2002] on the basis of Ulysses magnetometer observations. Polar plumes are high-density regions that are believed to originate at the boundaries of the chromospheric network and are likely associated with magnetic reconnection [Walker et al., 1993; Berger and Title, 1996; DeForest et al., 1997; Del Zanna et al., 1997] . Using measurements from the SOHO Extreme Ultraviolet Imaging Telescope (EIT), DeForest and Gurman [1998] presented observations of outward propagating quasi-periodic sound waves in solar plumes that had a period of T = 10-15 min ( f = 1.1-1.7 mHz), which is near one of the CMS frequencies. Using the white light channel (WLC) of the Ultraviolet Coronograph Spectrometer (UVCS), Ofman et al. [1997 Ofman et al. [ , 2000 showed periodic variations in the polarized brightness (a measure of the electron density) of coronal hole plumes at a solar distance of 1.9 R . An example of these periodic brightness variations is shown in Figure 20 . This figure is adapted from Ofman et al. [2000] and shows the average of nine consecutive $1 hour Fourier transforms of the polarized brightness. Clear peaks are present at f = 0.7, 1.3, and 2.4 mHz. We point out that the plume observations of Deforest and Gurman [1998] and Ofman et al. [1997 Ofman et al. [ , 2000 are in the polar regions of the Sun, not near the equator, where the solar wind observed by the Wind spacecraft likely originated. However, we can think of no reason why the physics of plumes would be different in the two regions. In addition, the speed of the solar wind at 1.9 R is $150 km/s so that if the structures are convected with the solar wind, then the frequencies observed in the plumes would be somewhat lower than, but still of the same order as, those observed at 1 AU.
[35] A possible mechanism for the generation of the periodic solar wind density variations is interchange reconnection, which reconnects open flux tubes with closed flux tubes, leading to an influx of new plasma [Fisk, 1996; Fisk and Schwadron, 2001; Wang, 1998; Crooker et al., 2002] . This could potentially lead to a solar wind that is structured with plasma of differing density. The compressional waves of the solar p-modes, which have frequencies in the mHz range, could conceivably regulate this reconnection. Ofman et al. [2000] suggested that it was possible that the periodic density fluctuations they observed at 1.9 R could be associated with magnetic reconnection at the base of the solar corona. Though circumstantial, the evidence linking periodic pressure waves at the base of the corona, solar plumes and PBSs is intriguing enough to speculate that solar p-mode oscillations are the ultimate source for the periodicities observed in the solar wind number density and for the CMS frequency and lower oscillations observed in the magnetosphere. Clearly, though, more work is required before a definitive conclusion can be reached.
